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Co-infection of Beet mosaic virus with Beet Yellowing Viruses Leads to Increased 
Symptom Expression on Sugar Beet 

William M. Wintermantel, United States Department of Agriculture, Agricultural Research Service, 1636 E. Alisal 
Street, Salinas, CA 93905 

 “Virus yellows” is a term frequently 
used by the sugar beet industry, and refers 
to a disease resulting from a complex of 
viruses causing beet leaves to yellow pre-
maturely. Virus yellows has contributed to 
disease-related yield losses in California 
sugar beet production for many years (7). 
Different individual viruses or virus com-
binations are responsible for the disease in 
the many sugar beet production regions of 
the world. Beet yellows virus (BYV; family 
Closteroviridae, genus Closterovirus), Beet 
western yellows virus (BWYV; family 
Luteoviridae, genus Polerovirus), and Beet 
chlorosis virus (BChV; family Luteoviri-
dae, genus Polerovirus) contribute to the 
disease in the United States (Table 1) 
(13,14,20). In Europe, Beet mild yellowing 
virus (BMYV; family Luteoviridae, genus 
Polerovirus) is the predominant virus asso-
ciated with the disease (Table 1), although 
the other three are also present in some 
areas (13,14,20). It is not uncommon for 
multiple aphid-transmitted viruses to infect 
the same plant simultaneously. All viruses 
associated with the virus yellows complex 

are transmitted by the green peach aphid 
(Myzus persicae Sulzer) (Table 1). Other 
aphids, such as Aphis fabae Scopoli (a 
highly efficient vector of BYV), can 
transmit some members of the complex; 
but M. persicae is the only vector known 
to efficiently transmit all yellowing viruses 
of sugar beet (13). 

Symptoms on sugar beet resulting from 
BYV infection begin with light vein-
clearing visible on leaves early in infec-
tion, followed later by development of 
interveinal yellowing on subsequent leaves 
(Table 1). Infection by BWYV produces an 
interveinal yellowing symptom difficult to 
distinguish from that caused by BYV. In 
contrast to BYV, however, infection by 
BWYV or other beet-infecting polerovi-
ruses does not produce the initial vein-
clearing symptom (Table 1). A third type 
of virus associated with virus yellows is 
Beet mosaic virus (BtMV; family Potyviri-
dae, genus Potyvirus; Table 1). BtMV is 
present in all beet-growing regions 
throughout the world (25,27) and is often 
found in fields with virus yellows (13), 
although it is not considered a yellowing 
virus. Infection of sugar beet by BtMV 
results in a generalized leaf mottling or 
mosaic (Table 1), but only a slight de-
crease in overall plant growth. In areas 
where virus yellows is widespread, sugar 
yield can be decreased by as much as 50% 
as a result of early infection. This effect is 
primarily attributed to BYV, although 
other yellowing viruses can impact sugar 
yield as well if infection occurs early 

(5,13,32). Seed yields may be decreased 
by up to 70% as a result of virus yellows 
infection (6). Each virus in the yellows 
complex differs in its effect on yield in 
single infections. BYV infection results in 
decreased leaf area and losses in both root 
weight and sugar yield (13). Yield losses 
associated with BWYV infection are much 
less than those resulting from infection by 
BYV (13). BtMV infections result in less 
than 10% yield loss even when plants are 
infected early (13). 

Members of all three virus genera (rep-
resented here by BYV, BWYV, and BtMV) 
can be present in plants at the same time. 
Although BtMV is widespread in sugar 
beet production worldwide, it was not 
clear what effect interactions between 
BtMV and yellowing viruses could have 
on disease development. Furthermore, no 
studies had been conducted on the effects 
of mixed infections of these viruses on the 
rate of disease development or on virus 
concentration in sugar beet plants. Possible 
effects of mixed infections were suggested 
by field studies demonstrating that yield 
and sugar content reductions were more 
severe during field infection with combina-
tions of these viruses (30). Studies by 
Shepherd et al. (30) indicated additive 
effects on yield (tons/acre), and in some 
cases sugar content, during co-infection by 
BYV, BWYV, or BtMV. In addition, stud-
ies on other virus synergisms have identi-
fied interactions between potyviruses and 
members of both the Closteroviridae 
(11,16) and Luteoviridae (3,4). Studies 
conducted in the 1980s with a close rela-
tive of BWYV, Potato leafroll virus 
(PLRV; family Luteoviridae, genus Polero-
virus), found that PLRV accumulation 
increased dramatically, and the ability of 
PLRV to exit phloem was enhanced, dur-
ing co-infection of Nicotiana clevelandii 
and N. benthamiana with potyviruses 
(3,4). The leader-proteinase (L-Pro) en-
coded by the closterovirus, BYV, interferes 
with accumulation and systemic movement 
of another potyvirus, Tobacco etch virus, 
in a host-specific manner (11), suggesting 
the possibility of interactions between 
BtMV and BYV as well. Sweet potato 
chlorotic dwarf disease is the result of a 
virus disease complex involving interac-
tions between a potyvirus and a crinivirus 
(family Closteroviridae) (16). In this syn-
ergism, concentrations of the potyvirus, 
Sweet potato feathery mottle virus 
(SPFMV), were markedly elevated as a 
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result of co-infection by the crinivirus, 
Sweet potato chlorotic stunt virus 
(SPCSV). Interestingly, both synergisms 
involving a potyvirus and a member of the 
Closteroviridae contrast with the tradi-
tional view of potyvirus synergisms, in 
which the potyvirus remains unaffected but 
facilitates accumulation of the associated 
virus (34). 

The purpose of the experiments de-
scribed herein was to determine the effect 
of infection by multiple viruses associated 
with virus yellows of sugar beet on symp-
tom expression and plant growth. Three 
viruses associated with virus yellows 
(BYV, BWYV, and BtMV) were intro-
duced into sugar beet breeding lines vary-
ing in susceptibility to virus yellows, in 
order to examine virus interactions that 
affect the rate of symptom development, 
fresh plant biomass, and virus nucleic acid 
concentration in leaf tissue. 

MATERIALS AND METHODS 
Plant varieties and aphid transmis-

sions. Two susceptible sugar beet breeding 
lines and two lines with tolerance to virus 
yellows (18,19) were selected for these 
studies (Table 2) based on their docu-
mented performance in field trials for con-
trol of virus yellows (18,19). The suscepti-
ble lines, SP22-0 and US75, allow efficient 
virus accumulation and develop the full 
range of symptoms associated with infec-
tion by yellowing viruses. Although no 
sources of true resistance to virus yellows 
have been identified to date, the tolerant 
lines, C37 and C76-89-5, both perform 
well in the field under heavy disease pres-
sure, including during mixed infections 
(18,19). C37 and C76-89-5 allow BYV 
and BWYV to accumulate and produce 
foliar symptoms, but do not exhibit the 
stunting and decreased sugar yield found 
in susceptible lines under virus yellows 
disease pressure. 

All four sugar beet lines were chal-
lenged by aphid-inoculation of BYV, 
BWYV, and/or BtMV, individually, as 
mixed pairs, or with all three viruses to-
gether. Mock inoculations also were per-
formed with virus-free aphids. Green 
peach aphids (Myzus persicae Sulzer; 
hereafter referred to as GPA) were reared 
on healthy Daikon radish (Raphanus sati-
vus L.) in isolation cages in the green-

house. The virus isolates BYV-OR and 
BWYV-OR were obtained from sugar beet 
steckling nurseries near Medford, OR. 
BtMV-WA was obtained from table beet 
collected in the state of Washington. All 
three isolates have been maintained by the 
Salinas Virology Lab for several years. 
These isolates were increased on source 
plants prior to transmission to provide 
inoculum for aphid feeding. BYV was 
increased on New Zealand Spinach (Tetra-
gonia expansa Murr.), BWYV on shep-
herd’s purse (Capsella bursa-pastoris L.), 
and BtMV on sugar beet (Beta vulgaris 
L.). Aviruliferous GPAs were allowed to 
feed on source plants containing single 
infections of either BYV, BWYV, or BtMV 
for approximately 48 h. After this time, 
leaf pieces containing approximately 10 
aphids each were cut from source plants 
and deposited onto the basal leaves of 
sugar beet seedlings (approximately two-
leaf stage) growing in 10-cm (4-in) square 
pots containing greenhouse potting mix. 
Insect cages were placed over each plant 
individually to contain aphids and prevent 
movement between plants. Plants to be 
inoculated with a single virus received 
only 10 aphids that had fed on the source 
plant for that virus. Plants to be inoculated 
with two viruses received approximately 
20 aphids (10 from each source plant). 
Similarly, plants inoculated with all three 
viruses received approximately 30 aphids. 
Mock-inoculated plants received approxi-
mately 10 aviruliferous aphids each. Pre-
vious studies in our laboratory have shown 
no difference in virus transmission effi-
ciency or feeding injury to seedling beets 
when 10 to 50 aphids per plant were used 
for inoculation of viruses. Aphids were 
allowed to feed on healthy test plants for 
48 h, after which cages were removed and 
aphids eliminated by spraying with 
Orthene PT-1300 (Whitmire Micro-Gen 
Inc., St. Louis, MO). Each treatment (virus 
combination) consisted of at least five 
plants per beet breeding line. There were 
eight treatments including mock-
inoculation and four sugar beet breeding 
lines, for a total of at least 160 plants per 
experiment. Plants were assembled in a 
randomized pattern on the greenhouse 
bench. The entire experiment was repeated 
without alterations three times over a pe-
riod of 18 months. Plants were maintained 

under standard greenhouse conditions for 8 
weeks, under natural lighting, with green-
house temperature fluctuations varying by 
season. Plants were watered once daily and 
provided with liquid fertilizer every 2 
weeks with watering. The number of 
symptomatic plants per line per treatment 
was recorded weekly, and percent infection 
was calculated. Although all three viruses 
are common in California and are present 
in Monterey County where experiments 
were conducted, all plant material from 
tests was autoclaved prior to disposal as a 
matter of standard procedure. 

Dot-blot hybridizations. Total nucleic 
acid samples were prepared from sympto-
matic leaves at 8 weeks postinoculation 
(wpi) using a modification of procedures 
described by Dellaporta et al. (10). To 
determine virus concentration, replicate 
dot blots were performed for each virus in 
single, double, and triple infections, using 
nucleic acid probes specific for detection 
of each virus. The BYV probe was a 602-
nucleotide portion of the coat protein gene 
of BYV (nucleotides 13638 to 14240) 
subcloned from a larger BYV clone kindly 
provided by V. Dolja (GenBank number 
NC001598). The probe used for detection 
of BWYV was the 563-nucleotide coat 
protein gene of another polerovirus, Beet 
chlorosis virus (BChV) (GenBank number 
AF167483). The BChV coat protein gene 
shares 98% sequence identity with the coat 
protein gene of our BWYV isolate (Gen-
Bank number AF473561). The probe effi-
ciently detects both BChV and BWYV and 
was provided by H.-Y. Liu (20). The 
BtMV probe was derived from a clone 
developed in our laboratory, composed of a 
region encompassing the 3′ portion of the 
NIb coding region and the 5′ portion of the 
coat protein coding region. The clone was 

Table 1. Characteristics of yellows complex viruses 

 
Virusa 

 
Genusb 

 
Vector(s) 

Mode of  
transmission 

Virion  
morphology 

 
Tissues infected 

 
Symptomsc 

BYV Closterovirus Myzus persicae  
Aphis fabae 

Semipersistent Flexuous rods Phloem Vein-clearing, 
foliar yellowing 

BWYV  
BChV  
BMYV 

Polerovirus M. persicae Persistent Icosahedral Phloem Foliar yellowing 

BtMV Potyvirus M. persicae Nonpersistent Flexuous rods Systemic Mosaic/mottle 

a BYV, Beet yellows virus; BWYV, Beet western yellows virus; BChV, Beet chlorosis virus; BMYV, Beet mild yellowing virus; BtMV, Beet mosaic virus. 
b Closteroviruses (1,2,12,15), poleroviruses (8,22), potyviruses (21,25). 
c Virus symptoms on sugar beet (13). 

Table 2. Susceptibility and tolerance of beet
breeding lines to BYV, BWYV, and BtMVa 

Line BYV BWYV BtMV 

C37 T T S 
C76-39-5 T T S 
US75 M M S 
SP22-0 S S S 

a Abbreviations: BYV, Beet yellows virus; 
BWYV, Beet western yellows virus; BtMV, 
Beet mosaic virus; T, tolerance; M, moderately 
susceptible; S, susceptible. 



Plant Disease / March 2005 327 

produced by reverse transcription–
polymerase chain reaction (RT-PCR) am-
plification using BtMV-sequence-specific 
primers (Fwd: 5′ CCAAACTCCTGAAG-
CACAT 3′; Rev: 5′ CCTCTCCATCCAT-
CATAACC 3′) and cloning of the 658-
nucleotide amplification product corre-
sponding to nucleotides 8377 to 9034 of 
the BtMV genome (GenBank number 
AY206394) (25). Relative amounts of viral 
RNA were compared by phosphorimage 
analysis (Molecular Dynamics, Sunnyvale, 
CA) of dot blots, performed with stringent 
hybridization conditions. Plant ribosomal 
RNA concentrations were used as an inter-
nal standard to equilibrate total nucleic 
acid concentrations among samples. Ribo-
somal RNA concentrations were deter-
mined using a probe made from a ribo-
somal RNA clone provided by K. Perry 
(Cornell University, Ithaca, NY). Experi-
mental data were considered in analysis 
only when all inoculated viruses uniformly 
infected plants, as confirmed by hybridiza-
tions. Data were log transformed to pro-
vide a more normal distribution for analy-
sis. Cumulative log transformed data from 
three independent experiments were ana-
lyzed with one-way ANOVA adjusted by 
Tukey-Kramer HSD, using the program 
JMP 4.0 (SAS Institute, Cary, NC). 

Fresh plant biomass. At the conclusion 
of each experiment (8 wpi), soil was gently 
brushed from roots, and plants were 
weighed to determine fresh plant biomass. 
Biomass data were log transformed to 
provide a more normal distribution for 
analysis. Log transformed data were ana-
lyzed with one-way ANOVAs adjusted by 
Tukey-Kramer HSD. A nested ANOVA by 
virus combination nested within sugar beet 
line also was performed on log trans-
formed data. All statistical analyses were 
carried out with the program JMP 4.0 
(SAS). 

RESULTS 
Plant reactions to mixed virus infections 

were similar among the four sugar beet 
lines tested (Fig. 1). Differences in plant 
biomass were observed between tolerant 
and susceptible lines, and reflected differ-
ences in the degree of tolerance to the 
yellowing viruses. Line SP22-0 was highly 
susceptible to all three viruses, as ex-
pected. Effects on plant biomass associated 
with mixed virus infection were most ap-
parent in line SP22-0 (P < 0.0001), and 
only slightly less apparent in the moder-
ately susceptible line, US75 (P < 0.026). 
There were no significant differences in 
plant biomass during mixed virus infec-
tions in the virus yellows tolerant lines 
C37 and C76-89-5. Interestingly, whole-
plant biomass for the tolerant line C37 was 
highest across all virus combinations as 
analyzed by Tukey-Kramer HSD (data not 
shown). Significant differences were not 
observed between infections of individual 
viruses and mock-inoculated plants in 

 

Fig. 1. Comparison of whole-plant fresh weight of sugar beet plants inoculated with single and mixed viruses 
among sugar beet lines exhibiting susceptibility and tolerance to yellowing viruses at 8 weeks postinocula-
tion. Cumulative log transformed data from three independent experiments were analyzed by ANOVA for
virus infection nested within sugar beet line. P values are indicated below bars for significantly different 
treatments. A, SP22-0, line susceptible to Beet yellows virus (BYV) and Beet western yellows virus
(BWYV); B, US75, line moderately susceptible to BYV and BWYV; C, C37, line tolerant to BYV and 
BWYV infection; D, C76-89-5, line tolerant to BYV and BWYV infection. Abbreviations of virus combina-
tions in plants: Mock, healthy beet plants mock-inoculated by nonviruliferous Myzus persicae; M, Beet mo-
saic virus (BtMV); W, BWYV; Y, BYV; WM, co-infection of BWYV and BtMV; YW, co-infection of BYV 
and BWYV; YM, co-infection of BYV and BtMV; YWM, co-infection of BYV, BWYV, and BtMV. 
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these studies, possibly because experi-
ments were only maintained for 8 wpi. It 
was not feasible to continue the experi-
ments past 8 weeks since pot size became 
a limiting factor, affecting beet growth and 
development. 

Co-infection of BtMV with BYV re-
sulted in a dramatic decrease in plant 
biomass. Susceptible lines SP22-0 and 
US75 co-infected with both BYV and 
BtMV demonstrated this effect most 
clearly (P < 0.0001 and P = 0.0010, re-
spectively) when analyzed by Tukey-
Kramer HSD, compared with single infec-
tions of either virus (Fig. 1). Co-infection 
by these viruses also resulted in lower 
plant biomass in the virus yellows–tolerant 
lines C37 and C76-89-5 (P = 0.0159 and P 
= 0.0352, respectively) when plants were 
harvested at 8 wpi (Fig. 1). The tolerant 
lines allow virus accumulation but do not 
exhibit as much loss of biomass due to 
infection by the yellowing viruses (BYV 
and BWYV) as susceptible lines (18,19). 
The yellows-tolerant sugar beet lines do 
not prevent BtMV infection or symptom 
expression. Plants of comparable sugar 
beet lines were not available with resis-
tance or tolerance to BtMV. A source of 
BtMV resistance has been identified (17), 
but plants of this developmental line have 
an atypical growth habit, making direct 
comparisons with cultivated sugar beet 
difficult. 

Visual observations of plants also indi-
cated clear differences in growth within 
breeding lines between plants singly in-
fected with BYV or BtMV, and plants 
infected by both BtMV and BYV (Fig. 2). 
By 8 wpi, plants infected with both BYV 
and BtMV were severely stunted, while 
plants singly infected with either BYV or 
BtMV were only mildly affected compared 

with mock-inoculated beets. This pattern 
was observed for both tolerant and suscep-
tible breeding lines, but visible stunting 
due to mixed virus infection was milder in 
the lines with tolerance to yellowing vi-
ruses (Fig. 2). Other virus combinations 
did not significantly reduce plant biomass 
compared with infection by each virus 
individually (Fig. 1). 

Interestingly, at 8 wpi when plants were 
harvested, plants with single infections of 
BWYV had greater biomass than mock-
inoculated plants in most lines (Fig. 1). It 
is not clear what effect BWYV infection 
might have on stimulating beet growth 
early in development. Previous studies 
have documented that BWYV infection 
early in beet development can lead to re-
ductions in sugar yield of up to 30% at 
harvest (32), suggesting that any potential 
growth stimulation is lost over the course 
of the growing season. 

Timing of symptom appearance can 
be affected by mixed infection. Co-
infection with BtMV had a substantial 
impact on the time at which symptoms 
were first observed on plants for both BYV 
and BWYV. Interveinal yellowing symp-
toms resulting from BWYV infection de-
veloped earlier during co-infection with 
BtMV than in single BWYV infections, 
indicating that co-infection with BtMV 
facilitates earlier development of the yel-
lowing symptom (Fig. 3A to C) (5 to 7 
wpi, P < 0.0001). The only exception was 
at 4 wpi, when BWYV symptoms ap-
peared in a few singly infected plants in 
two of three experiments, but had not yet 
been observed in plants inoculated with 
both viruses (P = 0.0097). No symptoms 
of BWYV infection were observed prior to 
4 wpi. Timing of appearance of initial 
BWYV symptoms in single infections was 

gradual and usually did not peak (ap-
proximately 80% of plants have symp-
toms) until 7 wpi (Fig. 3C). In contrast, co-
infection with BtMV led to more rapid 
appearance of BWYV symptoms, with 80% 
of the plants exhibiting symptoms by 5 wpi 
(Fig. 3C). Tolerant lines developed BWYV 
symptoms at a slightly slower rate than did 
susceptible lines in single infections (Fig. 
3A) (week 4, P = 0.0284; week 5, P = 
0.2469); however, mixed infection with 
BtMV reduced these differences, resulting 
in similar rates of symptom appearance 
between tolerant and susceptible sugar beet 
lines (Fig. 3B) (week 5, P = 0.0027). 

BYV symptoms generally developed 
more quickly than those of BWYV (P < 
0.0001), with most symptoms appearing 
between 4 and 5 wpi (Fig. 3F). Co-
infection with BtMV, however, resulted in 
a slight decrease in the rate of BYV symp-
tom appearance compared with that for 
BYV alone, based on the results of three 
independent experiments. This was par-
ticularly evident at 4 wpi (P < 0.0001), 
when approximately 35% of plants inocu-
lated with BYV alone had interveinal yel-
lowing symptoms resulting from BYV 
infection. In contrast, only 5% of plants 
inoculated with both BYV and BtMV ex-
hibited BYV symptoms (Fig. 3F). Interest-
ingly, by 5 wpi, approximately the same 
numbers of plants from single and double 
inoculations were expressing symptoms. 
There was no difference in the rate of in-
fection for BYV alone or with BtMV 
among susceptible and tolerant lines (Fig. 
3D and E). 

BtMV infection rates were uniform 
among all treatments and all sugar beet 
lines (data not shown). Similarly, the rate 
of symptom development in mixed infec-
tions involving BYV and BWYV did not 

Fig. 2. Beet yellows virus (BYV)- and Beet western yellows virus (BWYV)-susceptible (SP22-0) and BYV- and BWYV-tolerant (C37) sugar beet plants at 8 
weeks postinoculation. Plants were inoculated as follows: H, healthy beet plants mock-inoculated by nonviruliferous Myzus persicae; Y, infected by BYV 
only; M, infected by Beet mosaic virus (BtMV) only; YM, co-infected by BYV and BtMV. 
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differ substantially from single infections 
(data not shown). Early BYV symptoms 
can be differentiated from those of BWYV 
by the appearance of yellow veins on in-
fected leaves, since BWYV does not pro-
duce the yellow-vein pattern. 

Virus RNA concentrations in sugar 
beet are also affected by mixed infec-

tions. Prior to harvest of plants at 8 wpi, 
symptomatic leaves were collected to as-
say virus concentrations. Comparable 
leaves also were collected from mock-
inoculated and symptomless plants. Re-
sults of the sum of all sugar beet lines 
demonstrated that mixed infection by more 
than one virus led to increased titers of all 

viruses when compared with virus concen-
tration in single infections (Fig. 4). Analy-
sis of individual lines demonstrated the 
increase in virus concentration was not 
influenced by the degree of tolerance of 
the breeding line (data not shown). This is 
not surprising, since tolerance does not 
influence virus accumulation in plants, but 

Fig. 3. Time course of percent infection over time, comparing the effect of co-infection with Beet mosaic virus (BtMV) on initial development of yellowing 
symptoms induced by infection with Beet western yellows virus (BWYV) (A-C) or Beet yellows virus (BYV) (D-F). A-B, Mean percentage of plants ex-
pressing BWYV symptoms by sugar beet line in single (A) and mixed infection with BtMV (B). C, Mean percentage of plants expressing BWYV symptoms 
per week in single BWYV infections and co-infection with BtMV. D-E, Mean percentage of plants expressing BYV symptoms by sugar beet line in single
(D) and mixed infection with BtMV (E). F, Mean percentage of plants expressing BYV symptoms per week in single BYV infections and co-infection with 
BtMV. Data presented are cumulative from three independent experiments. 

Fig. 4. Comparison of mean virus concentration in sugar beet leaves averaged over all plants in all sugar beet lines in single and mixed infections at 8 weeks
postinoculation. Virus concentration is measured in kilopixels, based on the number of pixels in digitized imaging of dot-blot hybridizations with each probe 
after normalization of all hybridizations per plant with signal from a ribosomal RNA probe. Cumulative log transformed data from three independent ex-
periments were analyzed with one-way ANOVA adjusted by Tukey-Kramer HSD. Letters above bars indicate significantly different treatments. A, Beet yel-
lows virus (BYV) probe; B, Beet western yellows virus (BWYV) probe; C, Beet mosaic virus (BtMV) probe. Abbreviations of virus combinations in plants: 
Y, BYV; YM, co-infection of BYV and BtMV; YW, co-infection of BYV and BWYV; W, BWYV; WM, co-infection of BWYV and BtMV; M, BtMV. 
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rather performance in the presence of virus 
infection. BYV titer (measured by relative 
concentration of BYV RNA) increased 
significantly during co-infection with both 
BWYV and BtMV compared with single 
infections, based on Tukey-Kramer HSD 
(Fig. 4A). BWYV titer also increased dur-
ing co-infection with BtMV compared 
with single infections (measured by rela-
tive concentration of BWYV RNA) (Fig. 
4B). BtMV titer (measured by relative 
concentration of BtMV RNA) increased 
dramatically in the presence of both BYV 
and BWYV (Fig. 4C). 

DISCUSSION 
In this study on the effect of co-infection 

by three different virus pairs, significantly 
increased stunting, as measured by de-
creased biomass, was observed in sugar 
beet plants co-infected with combinations 
of BYV and BtMV compared with single 
infections of either virus. Co-infection with 
these two viruses resulted in small plants 
with poor growth habit and lower biomass. 
In contrast, little additional stunting was 
observed during co-infection of sugar beet 
with BYV and BWYV, or with BWYV and 
BtMV, than with single infections. Plants 
co-infected with both BWYV and BtMV 
also developed BWYV-associated yellow-
ing symptoms more quickly than plants 
singly infected with BWYV. 

It may seem unusual that BtMV could 
influence infection by both BWYV and 
BYV, two fundamentally different viruses. 
Ample evidence is available, however, on 
synergistic interactions between potyvi-
ruses and viruses in other families (34). In 
most cases of synergism involving potyvi-
ruses, symptoms are more pronounced and 
the nonpotyvirus is usually the beneficiary 
of the synergism, accumulating to higher 
titers when the potyvirus is also actively 
replicating in the tissue. Potyvirus titer is 
usually affected very little by the nonpoty-
virus, however (34). An exception to this 
was a study in which it was found that the 
BYV L-Pro can suppress infection and 
movement of Tobacco etch virus (TEV), a 
potyvirus, in Nicotiana tabacum. N. ta-
bacum is a host of TEV, but not of BYV. 
This effect was clearly host specific, as it 
did not extend to N. benthamiana, a host of 
both TEV and BYV (11). No such inhibi-
tion of BtMV was identified in the studies 
presented here. Indeed, BtMV accumula-
tion was stimulated by the presence of 
BYV (Fig. 4B), an effect also not found in 
most potyvirus synergisms. BtMV accu-
mulation increased even more dramatically 
during co-infection with BWYV. As in 
most potyvirus synergisms, both partner-
viruses, BYV and BWYV, increased in 
concentration during co-infection with the 
potyvirus, BtMV, compared with single 
infections of each virus alone. These re-
sults suggest that a unique relationship 
may exist between BtMV and phloem-
limited viruses in general. 

While BWYV and BYV are clearly very 
distant genetically and structurally, they 
exhibit a number of key similarities that 
support this hypothesis. Both BYV and 
BWYV are phloem-limited viruses 
(15,22,23,28) that produce the same char-
acteristic yellowing symptom on beet 
leaves as a result of interference with nor-
mal vascular transport and disruption of 
photosynthetic capabilities (9,24,26). Both 
have similar effects on BtMV accumula-
tion, and both accumulate to higher titers 
during co-infection with BtMV (Fig. 4). 
Based on this hypothesis, it might seem 
odd that significant stunting, as measured 
by decreased biomass, was only observed 
during co-infection of BYV and BtMV. 
One possible explanation as to why co-
infection of BtMV with BWYV did not 
lead to significant stunting, in contrast 
with co-infection of BYV and BtMV, re-
lates to differences in the nature of single 
infection by BYV and BWYV. First, infec-
tion by BYV alone has a much greater 
impact on sugar beet growth and sugar 
content than infection by BWYV 
(5,6,13,32). Second, any decrease in plant 
biomass resulting from interactions be-
tween BWYV and BtMV may be masked 
by the stimulated growth associated with 
BWYV infection that was observed during 
the first few weeks after infection in these 
studies (Fig. 1). 

This is not the first time a member of 
the Closteroviridae has been found to fa-
cilitate accumulation of a potyvirus. 
Karyeija et al. (16) demonstrated that titers 
of the potyvirus Sweet potato feathery 
mottle virus (SPFMV) were elevated 600-
fold as a result of co-infection by the 
phloem-limited crinivirus Sweet potato 
chlorotic stunt virus (SPCSV; family Clos-
teroviridae). In that study, the authors sug-
gested that SPCSV might enhance multi-
plication of SPFMV in non-phloem-
associated tissues by interfering with 
phloem-dependent signaling that may be 
associated with host defenses. It is possible 
that a similar function might occur be-
tween BtMV and one or both of the two 
phloem-limited viruses associated with this 
study. 

Interesting parallels also exist between 
the results presented here and previous 
studies on the effect of potyvirus infection 
on PLRV accumulation. While primarily 
phloem limited, PLRV, a polerovirus re-
lated to BWYV, can infect a limited num-
ber of parenchyma cells in N. clevelandii 
and N. benthamiana (3,4). During co-
infection with some potyviruses, however, 
PLRV accumulates to several fold higher 
concentrations in these hosts, and the 
number of PLRV-infected mesophyll cells 
is increased several fold (3,4,29). The in-
crease in virus accumulation in N. bentha-
miana was limited to phloem associated 
cells and was facilitated by the potyvirus 
helper component-protease (HC-Pro) fa-
cilitating virus accumulation in these tis-

sues (29). In the studies presented herein, 
BWYV concentrations were also elevated 
several fold in the presence of BtMV. At 
the present time, it is not known how co-
infection may impact the ability of BWYV 
to infect mesophyll cells, but future studies 
addressing this topic could indicate 
whether this type of synergism is common 
among poleroviruses in diverse hosts. 

Co-infection with BtMV also decreased 
the time necessary for yellowing symp-
toms resulting from BWYV infection to 
appear in sugar beet leaves (Fig. 3A to C). 
It is possible that BWYV symptoms de-
velop more rapidly simply because beet 
plants are already under stress from infec-
tion by BtMV. If so, similar results would 
be expected with mixed infections of 
BtMV and BYV; however, BYV symptom 
development was delayed slightly during 
co-infection with BtMV (Fig. 3D to F). 
Alternatively, the more rapid appearance 
of BWYV symptoms during co-infection 
of BtMV may result from physiological 
effects associated with increased accumu-
lation of BWYV or possibly both BWYV 
and BtMV in the host vasculature during 
co-infection by these two viruses (Fig. 4B 
and C). BWYV is restricted to phloem-
associated cells, and it is thought that sieve 
tube blockage and degeneration of vascular 
tissue may be responsible for symptom 
development in infected plants (24). If so, 
it is possible that the higher levels of 
BWYV measured during mixed infection 
with BtMV reflected more rapid BWYV 
accumulation in the phloem, resulting in 
more rapid degradation of phloem func-
tion. BtMV also accumulates in non-
phloem tissues, and it is possible that fac-
tors associated with phloem blockage 
and/or degradation may interfere with 
limited natural host defenses, or perhaps 
more likely other important physiological 
processes. This could explain the more 
rapid appearance of BWYV symptoms 
observed during co-infection with BtMV, 
possibly the decrease in plant biomass 
associated with co-infection of BYV and 
BtMV, and may be a general reaction re-
sulting from interactions between potyvi-
ruses and certain phloem-limited viruses 
based on observations in other systems 
(16,29,33). 

Interactions between co-infecting vi-
ruses clearly play a substantial role in virus 
yellows infections of sugar beet, affecting 
symptom development, beet growth, and 
virus accumulation. The effects observed 
in this study, while performed under 
greenhouse conditions, were designed to 
examine interactions that can and do occur 
in nature between three unrelated viruses 
sharing a common vector and host. In most 
natural virus yellows outbreaks, the dis-
ease is caused by one or occasionally two 
viruses (based on diagnosis of samples 
sent to the USDA-ARS Virology Lab in 
Salinas for analysis). Clearly, BtMV has a 
significant impact on the severity of virus 
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yellows in sugar beet, leading to increased 
stunting through interactions with BYV 
and more rapid appearance of BWYV-
induced yellowing symptoms during co-
infection with BWYV. Lines with toler-
ance to BYV and BWYV do not reduce 
virus accumulation. They do reduce the 
impact of both BYV and BWYV, as well 
as effects resulting from co-infection of 
these viruses with BtMV, including both 
time of appearance of initial symptoms 
(BWYV with BtMV) and stunting severity 
as measured by plant biomass (BYV with 
BtMV). Interestingly, there has been little 
concern in the sugar beet industry for 
BtMV even though the virus is worldwide 
in distribution and has been shown to de-
crease root yield by up to 20% (31,35). 
Losses related to co-infection with BtMV 
may have been attributed to BYV alone for 
many years. This new information supports 
earlier field studies that suggested a possi-
ble relationship between BtMV and in-
creased severity of virus yellows (30), and 
calls attention to BtMV as a potential 
source of yield reduction during co-
infection with BYV. Parallels were also 
observed between the effect of BtMV and 
two different phloem-limited viruses on 
sugar beet with respect to other unique 
potyvirus synergisms, warranting addi-
tional cytological and molecular studies on 
the effect of BtMV infection on phloem 
limitation and the molecular basis for in-
creased virus accumulation during co-
infection of sugar beet. These results sup-
port the hypothesis that a novel type of 
potyvirus-associated synergism occurs 
during co-infection with phloem-limited 
viruses (29,33). 
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